Partial amino acid sequences have been determined for the Ca2+/calmodulin-stimulated cyclic nucleotide phosphodiesterase from bovine brain and the cGMP-stimulated cyclic nucleotide phosphodiesterase from bovine heart. Examination of these sequences for homologous segments and comparison with protein sequences derived from the nucleotide sequences of the yeast PDE2 gene and the Drosophila dunce'
Cyclic nucleotide phosphodiesterases (PDEases) catalyze the hydrolysis of 3' ,5' cyclic nucleotides to the corresponding nucleoside 5' monophosphates. Regulation of PDEase activity comprises an important mechanism for the control of cyclic nucleotide concentrations that in turn mediate cellular responses to biological stimuli. Multiple forms of cyclic nucleotide PDEases differing in apparent molecular mass, chromatographic properties, substrate specificity, immunologic reactivity, sensitivity to inhibitors, and mode of regulation have been identified within the same tissue and in some cases within the same cell (1) (2) (3) .
The various PDEases differ in their mode of regulation. Some respond allosterically to cyclic nucleotides; others are regulated by interaction with other proteins (e.g., calmodulin or transducin). In addition, three putative isozymes of the Ca2+/calmodulin (Cam)-dependent PDEase have been distinguished in bovine tissues by several criteria, including differences in molecular weight (4) (5) (6) . In bovine heart, there are two isozymes regulated by cGMP. The hydrolysis of cAMP by the cGMP-stimulated PDEase is stimulated by micromolar concentrations of cGMP (7), whereas a cGMPinhibited PDEase is inhibited by micromolar concentrations of cGMP (8) .
Another feature distinguishing the PDEase isozymes is their affinity for substrate. The Km values of the cGMPstimulated and the Cam-dependent PDEases for both cGMP and cAMP are in the 10-30 ,uM range while those for the cGMP-inhibited PDEase are submicromolar. Most of the mammalian isozymes can hydrolyze both cAMP and cGMP, albeit at different rates; however the Drosophila dunce' (dnc+) gene product (9, 10) and the yeast PDE2 gene product (11, 12) compared in this report have a distinct substrate preference for cAMP (Table 1) .
Sass et al. (12) and Chen et al. (10) have described, respectively, the isolation and sequences of a cyclic nucleotide PDEase gene (PDE2) from yeast (Saccharomyces cerevisiae) and the product of the dnc+ gene of Drosophila. The dunce mutants of Drosophila have a defective memory (9, 10, 14) , and a characteristically low level of a "cAMPspecific" PDEase activity but retain normal levels of Camdependent PDEase activity (15) ; the studies of Chen et al. (10) show that the dnc+ gene product is a cAMP-specific PDEase. In yeast, the PDE2 gene encodes one of the two known PDEase activities (12) . This 61-kDa enzyme contains zinc, has a low Km, and preferentially hydrolyzes cAMP (11) .
At present, there is no information relating the structural differences among the cyclic nucleotide PDEases to their diverse catalytic and regulatory properties. Nor is it known whether the multiple forms result from transcription of different genes, from differential processing of a common gene(s), or from artifacts produced during isolation. To understand better these relationships we are determining the amino acid sequences of several mammalian enzymes including the bovine heart cGMP-stimulated PDEase and the 61-kDa Cam-dependent PDEase isozyme from bovine brain. In this report, the partial amino acid sequences are compared to the predicted sequences ofcyclic nucleotide PDEases from two evolutionarily distant species, Drosophila and yeast (10, 12) . This comparison reveals that despite their distinct sizes and regulatory properties (Table 1) 
MATERIALS AND METHODS
The 61-kDa isozyme of bovine Cam-dependent PDEase was purified from bovine brain by affinity chromatography using immobilized conformation-specific monoclonal antibodies (4-6) and a protocol similar to those previously described (5, 6, 16) . The cGMP-stimulated PDEase of bovine heart was purified using cyclic nucleotide affinity chromatography as described (7) .
The amino acid sequences of segments of Cam-PDEase were deduced by aligning overlapping fragments generated from cleavage of the reduced and alkylated protein at arginine, lysine, and methionine residues using methods Abbreviations: PDEase, phosphodiesterase; Cam, calmodulin.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. described by Charbonneau et al. (17) . The sequence of segments of the cGMP-stimulated PDEase were deduced using fragments resulting from the cleavage of the protein at lysine and methionine residues. Peptides generated in these ways were purified in two steps on HPLC (18) , first by separation into size classes with gel permeation columns (TSK 2000 or 3000 SW in 6 M guanidine hydrochloride), then by resolution of the peptides in each size class by reversephase chromatography on C3 or C18 columns in a trifluoroacetic acid/acetonitrile gradient system. Automated sequence analysis was performed on a Beckman model 890C spinning cup sequencer or an Applied Biosystems model 470A gas-phase sequencer. Sequence analyses and identification of the phenylthiohydantoinderivatized amino acids followed procedures described previously (17) . Amino acids were analyzed by reverse-phase separation of the phenylthiocarbamoyl derivatives as described by Bidlingmeyer et al. (19) .
The amino acid sequence of a yeast phosphodiesterase has been derived by Sass et al. (12) from the nucleotide sequence of the PDE2 gene. The amino acid sequence of the dnc+-encoded PDEase of Drosophila has been derived by Chen et al. (10) from the nucleotide sequences of cDNA clones representing the dnc+ gene.
Sequence homology was analyzed on a VAX/VMS computer using the ALIGN, RELATE, and SEARCH programs described by Dayhoff et al. (20) . The RELATE program was used to detect homology between PDEases of different lengths. Once homologous segments were identified, optimal alignments and statistically based alignment scores were generated using the ALIGN program with the mutation data matrix and a gap penalty of 10. The National Biomedical
Research Foundation databaset was examined with the SEARCH program to identify proteins related to the PDEases.
RESULTS
The partial amino acid sequence has been determined of 99% of the bovine 61-kDa Cam-dependent PDEase and of 65% of the bovine cGMP-stimulated PDEase. Complementary sets of peptides were generated from Cam-PDEase by cleavage at lysine, methionine, or arginine residues and then subjected to automated Edman degradation. The sequences of most of these peptides have been overlapped and aligned to generate 11 unique segments of sequence accounting for 516 of the 520 residues expected in the Cam-dependent PDEase molecule. In a similar manner, two sets of peptides produced by cleavage at methionine or lysine have been used to assemble the partial amino acid sequence of the cGMP-stimulated PDEase. Most of these peptide sequences have been overlapped to produce 13 unique segments of sequence that include 586 of the 900 residues predicted for the cGMP- (20) established the significance of this homology (Table 2 ). In contrast no homology was found between the other 7 segments of the Cam-dependent PDEase sequence and the remaining 95 residues at the C terminus of the dnc+-encoded PDEase (see Fig. 2 ). Thus, the homology between these proteins is only partial and limited to a single conserved segment.
A similar statistically significant alignment was found on comparison of the yeast PDEase sequence to either the Cam-dependent PDEase or the dnc+-encoded PDEase sequence ( Fig. 1 and Table 2 ). However, the homologous region of yeast PDEase [residues 241-422 in the sequence of Sass et al. (12) ] is shorter than that which exists between the Cam-dependent and the dnc+-encoded PDEases and it ends abruptly in a region in which the dnc+-encoded and the Cam-dependent PDEases have identical sequences of 12 consecutive residues (Fig. 1) .
Inclusion of the partial amino acid sequence of the other mammalian enzyme, cGMP-stimulated PDEase, aligned 6 of its 13 segments with the other three enzymes (Table 2) . However, the data are less complete and the homologous segments are not all contiguous as in the case of the Cam-dependent and dnc+-encoded PDEase alignment. Four segments from the cGMP-stimulated PDEase sequence data (182 residues) were aligned with the N terminus of the conserved domain from the other three proteins ( Fig. 1 and Table 2 ). Another region with two segments totalling 60 residues aligns with the C-terminal portion of the homologous sequences of the other three enzymes, leaving a 13-residue gap in the cGMP-stimulated PDEase data (Fig. 1) . The residues corresponding to this gap are within a single CNBr peptide of about 60 residues, the N terminus of which corresponds to Val-155 of the dnc+-encoded PDEase (Fig. 1) . Subdigests have shown that a 10-residue peptide that aligns with residues 207-216 of the dnc+-encoded PDEase is included within this CNBr peptide. Thus, residues that correspond to this portion of the conserved domain are present in one contiguous sequence in the cGMP-stimulated PDEase molecule, but their sequence and putative homology have not yet been identified. Although the homologous sequences described above and illustrated in Fig. 1 Fig. 1 .
The positions of the conserved domains within the sequence of each protein are illustrated in Fig. 2 . This domain Fig. 1 ) were aligned.
tSequences from residues 1-208 (Fig. 1) is located at opposite ends of the yeast PDEase and the dnc'-encoded PDEase molecules. In the incomplete Camdependent PDEase sequence its placement is tentative but the available evidence suggests that it begins at least 80 residues from the N terminus.
One segment of the cGMP-dependent PDEase tentatively aligns the conserved domain about 46 residues from the C terminus of the molecule. The segment includes the only CNBr peptide that lacks homoserine, placing it at the C terminus. As described above, the exact locations of the other homologous segments from the cGMP-stimulated PDEase are not known and are only tentatively placed in Figs. 1 and 2 .
Within the homologous segments, there are 73 positions where at least three proteins have identical residues; among these are 24 positions where all four sequences have identities. The regions of highest sequence identity are not uniformly distributed over the conserved domain but appear to be clustered in segments of [7] [8] [9] [10] [11] [12] residues. For example, 3 of the 7 residues in the V L S T D M S sequence of the dnc'-encoded PDEase (residues 136-142, Fig. 1 ) are identical in all four proteins, while 2 other residues are highly conserved. There are seven such segments with high sequence identity within the illustrated domains. In contrast, one rather large region at residues 143-172 shows no obvious structural consensus in spite of the insertion of several gaps.
Conserved domain
Cam-dependent (=520) FL--- 
DISCUSSION
Although a homologous relationship among segments of the four PDEases in Fig. 1 (12) it appears that the residues C terminal to (the end ofthe homology in Fig. 1 ) are unimportant for catalytic function in that enzyme. In spite ofthe common structural features ofthe four enzymes it is not possible to identify amino acid residues at their active sites or even to precisely delineate the catalytic domains. However, chemically active histidine residues, which are conserved in all four enzymes at six different positions ( Fig. 1) , are possible candidates for active site residues.
In a separate study of bovine intestinal 5'-nucleotide PDEase, Culp et al. (21) have reported affinity labeling of a serine residue in a 60-residue fragment derived from the active site. Although that enzyme hydrolyzes cAMP and is therefore related to the present PDEases in a functional sense, its active site peptide does not resemble any segment of the amino acid sequences in the current study. It is therefore unlikely that the intestinal PDEase is of the same evolutionary origin.
Since the similarities among the illustrated segments of the PDEases do not extend beyond the conserved domains of the four molecules, evolutionary splicing mechanisms must have been involved in generating both the differences in molecular size and the sharp breaks in the pattern of homology. One can only speculate about the nature of the mechanisms giving rise to these dichotomies and cite the precedents of analogous patterns in other families of "chimeric" proteins, such as the serine proteases (22) , the protein kinases (18, 23) , calpain (24) , and the fatty acid synthases (25) . More specifically, comparison of several protein kinases indicates that a homologous catalytic domain in each is aligned on a single polypeptide chain with an unrelated segment or domain identified with regulator interaction (18, 23) .
If it is assumed that the conserved domain identified here is responsible for the common catalytic function, then it is probable that the nonhomologous segments in the remainder of the larger proteins serve regulatory functions (as in the protein kinases) or confer specific binding properties (e.g., to a membrane, an organelle, or another protein). For example, it is reasonable to postulate that one of the segments outside the conserved domain of the Cam-dependent PDEase (Fig. 2) contains a binding site for calmodulin analogous to that in myosin light chain kinase (26, 27) . Similarly, a portion of the unidentified sequence at the N terminus of the cGMPstimulated PDEase could bind cGMP and'account for the allosteric regulation of this enzyme, as in cGMP-dependent protein kinase. With the current structural information in hand these ideas can be tested by limited proteolysis and isolation of fragments of these molecules retaining catalytic or binding functions.
It would be premature on the basis of comparison of partial sequences to formulate a detailed hypothesis concerning the order of divergence of these segments from a common ancestral prototype, but several points can be considered. For example, in view ofthe distant phylogenetic relationships involved, the extent of sequence identity (25-41%) between the mammalian domains and those of Drosophila or yeast is striking. 'This may reflect a strong evolutionary pressure to maintain portions of this domain for enzymatic function.' But it is curious that there is greater similarity between the Drosophila domain and either mammalian domain than there is between the two mammalian domains ( Table 2 ). This suggests the possibility that PDEases with different regulatory modes may have diverged relatively early in the evolution of eukaryotic cells.
One of the reasons for undertaking this study was to identify structural features common to proteins that bind cyclic nucleotides for diverse purposes. It has been shown that segments of the protein kinases that bind, and are regulated by, cyclic nucleotides appear to be homologous with each other (23) and with the Escherichia coli catabolite gene activator protein (CAP), a protein that facilitates regulation of gene expression by cAMP in E. coli (28) . Comparison ofthose segments of sequence with the common PDEase domains in Fig. 1 indicated that the two families of proteins bear no extended relationship to each other. However, Chen et al. (10) have pointed out that there is a 7-residue segment of identity between the dnc'-encoded PDEase (residues 83-89) and a cAMP-binding segment from the regulatory subunit of the cAMP-dependent protein kinase. Speculation about these and other relationships between structure, function, and evolutionary history will be more meaningful when the complete sequences of the mammalian proteins are known and the domains responsible for catalysis are clearly distinguished from those mediating regulation of catalysis.
Note Added in Proof. Since submission of this manuscript, we have obtained new sequence data regarding the location of the conserved domain within the Cam-dependent PDEase sequence. As indicated in Fig. 2 and in the text, we had tentatively placed the conserved domain within 80 residues of the N terminus. However, recent results have shown that the C-terminal end of the conserved domain is actually located about 85 residues from the C terminus of the Cam-dependent PDEase.
